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Edited by Takashi GojoboriAbstract The c.[833C; 844_845ins68] is a common haplotype of
the human cystathionine b-synthase gene among healthy individu-
als. This polymorphism (5–40% allelic frequency in diﬀerent pop-
ulations) consists of the c.844_845ins68 insertion that segregates
in cis with the pathogenic c.833T>C substitution (p.I278T).
Through genotyping of primates, we have found that gorillas,
chimpanzees and bonobos are homozygous for the 68 bp insertion,
c.844_845ins68. In gorillas and bonobos, the c.844_845ins68
lesion segregates in cis with the wild-type c.833T variant, whilst
chimpanzees present the human haplotype. These genetic evi-
dences suggest that the origin of the 68 bp insertion might be dated
back to 6–8 million years ago, and that the c.833T>C substitution
occurred within the allele carrying the insertion. The evolutionary
conservation of this peculiar haplotype supports the hypothesis of
its protective eﬀects against cardiovascular diseases.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The enzyme cystathionine b-synthase (CBS) catalyzes the
condensation of serine and homocysteine to form cystathionine.
CBS deﬁciency is an autosomal recessive disease (MIM no.
236200) characterized by alterations of connetive tissue, hype-
rhomocysteinemia and predisposition to cerebral, coronary
and peripheral artery diseases [1]. The most commonmild path-
ogenic CBS mutation consists in the c.833T>C nucleotide sub-
stitution (p.I278T) [2]. Interestingly, the c.833T>C mutation
can also segregates in cis with a 68 bp insertion located between
nucleotides 844 and 845 (c.844_845ins68) at the intron 7/exon 8
junction [3], so generating a non-pathogenic chromosome
(Fig. 1). In fact, although the insertion duplicates exactly the
3 0 splice site of intron 7 and the 5 0 end of exon 8, the 68 nt inser-
tion and the c.833C mutation are skipped in the mature mRNA
derived from the c.[833C; 844_845ins68] allele following accu-*Corresponding author. Fax: +39 040 3757361.
E-mail address: baralle@icgeb.org (F.E. Baralle).
0014-5793/$32.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2007.12.038rate selection of the more distal acceptor site [4–6]. Several
studies have investigated the distribution of the c.[833C;
844_845ins68] allele among diﬀerent human populations. In
all population studies, the 844_845ins68 insertion was always
found to segregate in cis with the pathogenic c.833C mutation
[4,7–9]. The double mutation has been found in 12% of US cit-
izens of Caucasian origin [4], in 7.5% of Italian controls [10] and
in 16.8% of Dutch controls [11]. It is frequent in sub-Saharan
Africa (25–40% of tested chromosomes) [7,8,12], whereas it is
very rarely detected in Asia (0.16–2.5%) [13,14] and in Amerin-
dians (<1%) [8]. The frequency of homozygosity was 4% in Afri-
cans and 1.5% in Caucasians [8,12]. Now, we report the
detection of the single and double CBS mutations in diﬀerent
great apes and the ﬁnding that they might be conserved through
evolution suggests possible positive selection for carriers.More-
over, we analyzed the insertion-carrier apes for another CBS
polymorphic allelic variant in exon 6 and intron 12, whose fre-
quency among diﬀerent populations has been previously char-
acterized [9].2. Materials and methods
2.1. Primates
We have obtained genomic DNA samples of apes and Old World
monkeys. In particular, we were able to analyze the following apes:
Common Chimpanzee (Pan troglodytes verus, six unrelated subjects),
Gorilla (Gorilla gorilla, three unrelated subjects), Bonobo–Pygmy
Chimpanzee (Pan paniscus, three unrelated subjects), Orangutan (Pongo
pygmaeus, one subject); Crested Gibbon (Hylobates gabriellae, one sub-
ject), Northern White-Cheeked Gibbon (Hylobates leucogenys, one
subject); and the followingOldWorldmonkeys:Vervetmonkey (Chloro-
cebus aethiops, one subject), Stump-tailed macaque (Macaca arctoides,
one subject), Long-tailed macaque (Macaca fascicularis, one subject),
Japanese macaque (Macaca fuscata, one subject) and, Hamadryas Ba-
boon (Papio hamadryas, one subject).
2.2. Ampliﬁcation and sequencing of CBS intron 7/exon 8
A region of about 300 bp encompassing the intron 7/exon 8 junction
of CBS gene was ampliﬁed with primers designed for human gene: I7s,
5 0-CTTGGGTTTCTCATCCTGCCT-30 and E8as, 5 0-GCACCGTG-
GGGATGAAGTCGTA-3 0. The analysis of 699 T/C polymorphism
was performed by ampliﬁcation of CBS exon 6 using the follow-
ing primers: E5s, 5 0-TGAAGAACGAAATCCCCAATTCT-3 0 and
I6as, 5 0-GAGTTCACCAAGGAGAGGGCAAGA-3 0. The analysis
of IVS12 polymorphisms were carried out by using the following prim-
ers: E12s, 5 0-GGTGGCACCTCCGTGTTCAG-3 0 and E13as, 5 0-
GTTTGAACTGCTTGTAGATG-3 0. Polymerase chain reactionblished by Elsevier B.V. All rights reserved.
Fig. 1. Structure of the wild-type and [833C; 844_845ins68] alleles. Lowercase sequence corresponds to intron 7, whereas uppercase sequence
corresponds to exon 8 both in wild-type and in c.[833C; 844_845ins68] CBS chromosomes. Gray arrows indicate thymidine or cytosine residues in
both wild-type and mutant alleles. Black arrows indicate the two alternative 3 0 splice sites (3 0p, proximal; 3 0d, distal). The 68 nt insertion between 844
and 845 nucleotides is highlighted by bracket.
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MgCl2, 200 lM of each dNTP, 20 lM primers, and 1 U of Taq poly-
merase (Roche Diagnostics) in a ﬁnal volume of 50 ll. After an initial
denaturation step at 94 C for 3 min, samples were subjected to 35 cy-
cles of denaturation at 94 C for 15 s, annealing at 45 C for 15 s, and
elongation at 72 C for 20 s.
The PCR products were puriﬁed and directly sequenced using a
Beckman CEQ 2000XL DNA Analysis System. In some cases, the se-
quences were carried out after cloning of the PCR products in the
pUC18 vector.3. Results and discussion
Using a bioinformatic approach we have found that the
c.[833C; 844_845ins68] haplotype might be conserved in the
Chimpanzee (P. troglodytes) genome (GenBank accession num-
ber BS000233). Therefore, in order to conﬁrm this observation
and test the possible conservation of c.[833C; 844_845ins68]
allele, we have analyzed the acceptor site of CBS exon 8 of dif-
ferent primates.
Detection of the 68 nt insertion was initially carried out by
PCR followed by agarose gel electrophoresis, and the results
indicated that the mutation was present in all great apes but
the orangutan (Fig. 2A and B). Direct sequencing of the ampli-
cons revealed that the acceptor site of CBS exon 8 is highly
conserved between humans and C. aethiops,Macaca sp., Hylo-
bates/Nomascus sp., P. hamadryas, and P. pygmaeus. (data not
shown). Sequence analysis also indicated that the
c.844_845ins68 mutation was not only present in at least three
great apes (P. troglodytes verus, P. paniscus, and G. gorilla), but
also that all the analyzed subjects were homozygous for that
insertion (Fig. 3 and Supplementary Fig. 5). Moreover, the
c.833C substitution was present only in P. troglodytes verus,
whereas Gorilla and P. paniscus carry the wild-type c.833T
(Fig. 3). In addition, we have determined the genotype of inser-
tion-carrier apes for some loci polymorphic within human CBS
exon 6 and intron 12 and have found that mutation carriers
share the same allelic variations (c.699C, c.1358+161G,
c.1358+264G, c.1359219C, c.1359134G, c.135930C). This
allelic combination corresponds to the chromosome containing
intron 12 cluster alpha observed in African populations [9], sug-
gesting that this may have been the ancestral human CBS hap-
lotype. Although the number of analyzed subjects is too limited
to draw deﬁnitive conclusions about the frequency and distri-
bution of the single and double mutations among diﬀerent pri-mates, our study now provides evidence that the origin of the
c.[833T; 844_845ins68] haplotype can be dated back at least
prior of the ancestral separation of Gorillini and Hominini
tribes occurred 6–8 million years ago [15]. Furthermore, this
c.[833T; 844_845ins68] haplotype was preserved at least
through the phylogenetic branching that separated the subge-
nus for P. paniscus from the subgenus for P. troglodytes verus
(Fig. 4). In fact, diﬀerent genetic studies on human populations
have never detected this haplotype [4,7–9]. It should be noted
that we cannot completely exclude the presence of other allelic
variants in diﬀerent of chimpanzees subspecies, since we have
genotypized only Western Common Chimpanzees (P. troglo-
dytes verus). However, the observation that all the subjects se-
quenced by us, in addition to the subject used for the Genome
Sequencing project (and possibly four other West African and
three central African chimpanzees used to discover polymor-
phic positions), suggests that c.[833C; 844_845ins68] might be
frequent at least in this subspecies [16].
On the other hand, the c.833T>C mutation seems to be pre-
valent in the clade that originated humans and chimpanzees.
The presumed high frequency of the insertion with or without
the c.833C mutation in great apes might be due to expansion
and contraction phases that characterized the history of human
and primates during the climatic oscillations that severely
aﬀected Europe and Africa and determined the shrinking of
populations [17–19]. These processes might have allowed, on
one hand, the protraction of genetic diversity in the few individ-
uals surviving to glacial periods and, on the other hand, the
preservation of ancient mutations, such as the 68 nt duplica-
tion, within a population [20]. Interestingly, the detection of
the c.[833T; 844_845ins68] sequence suggests the c.833T>C
mutation might have occurred within the c.844_845ins68 inser-
tion, so generating the c.[833C; 844_845ins68] allele. Then, the
pathogenic [833C; - -] allele could have been generated by tem-
plating the c.[833C; 844_845ins68] chromosome through a
loop-excision mechanism, as recently suggested also by other
authors [9]. Alternatively, the two variations might be gener-
ated independently and only a subsequent event could have
combined them to generate the c.[833C; 844_845ins68] haplo-
type by meiotic recombination. The role of possible positive
selection in shaping the distribution of single and double
mutants in apes and in humans is an open question. The poten-
tial associations with neural tube defects or risk by Down syn-
drome children to develop acute myeloid leukemia are
conﬂicting [21,22]. On the other hands, diﬀerent studies have
Fig. 2. PCR ampliﬁcation of CBS intron 7/exon 8 genomic region from diﬀerent primates. (A) The 284 bp band ampliﬁed in most of the analyzed
primates corresponds to the wild-type allele. The 352 bp band ampliﬁed from Pan troglodytes n.1 DNA corresponds to the 844ins68 allele carrying
the 68 nt insertion (indicated by a gray arrow). Pan troglodytes n.1 subject is homozygous for the insertion. (B) PCR analysis of all Pan troglodytes,
Gorilla gorilla and Pan paniscus subjects available for the study. In lane 1 was loaded the Pongo pygmaeus sample for comparison purposes. All
haplotyped great apes are homozygous for the 68 nt insertion.
Fig. 3. Alignment of CBS intron 7/exon 8 region from great apes and human. The 68 nt insertion is bracketed. Gray arrow shows the thymidine
(Gorilla and Pan paniscus) or the cytosine (Pan troglodytes) residues at position 833. Black arrow shows the wild-type thymidine within the insertion.
Fig. 4. Phylogenetic tree of CBS [833T; 844_845ins68] and [833C;
844_845ins68] haplotypes from great apes and human. The phyloge-
netic tree in Phylip format was generated using the GeneBee method
(http://www.genebee.msu.ru/genebee.html).
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[4,9]. Furthermore, it might be even protective against coro-
nary arteriosclerosis due to putatively enhanced transsul-
furation [23]. In addition, it has been suggested that the
c.844_845ins68 insertion might protect X-ALD patients against
CNS demyelination [24]. Moreover, we cannot exclude the pos-
sibility that the insertion variant might have other eﬀects (such
as, inﬂuence of susceptibility towards parasites infection or
fecundity) that could favour the conservation of the allele by
yet unknown direct or indirect mechanisms. These observations
might support the positive selection of this unusual haplotype.
In addition, recent molecular studies have shown the inser-
tional event that duplicates the IVS 7 3 0 splice site has generated
a splicing control element that promotes the constitutive use of
the distal 3 0 splice site [6]. This event is important for preserving
the wild-type open reading frame and rescuing protein function
426 M. Romano et al. / FEBS Letters 582 (2008) 423–426because it allows to skip the c.833C pathogenic mutation as
well as the whole 68 nt insertion and its associated premature
stop codons. Therefore, the positive evolutionary selection of
the 68 bp insertion might have also been possible because it lets
the rescue of the wild-type open reading frame.
Further studies on the prevalence and distribution of
c.844_845ins68 and c.833T>C mutations in primates might
have a deep impact on tracing human evolution and detailed
information about other genetic polymorphisms conserved
during evolution will be crucial to explore their impact in the
genesis of multifactorial diseases.
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